A missense mutation, R130S, was recently found in the prestin gene, SLC26A5, of patients with moderate to severe hearing loss (DFNB61). In order to define the pathology of hearing loss associated with this missense mutation, a recombinant prestin construct harboring the R130S mutation (R130S-prestin) was generated, and its functional consequences examined in a heterologous expression system. We found that R130S-prestin targets the plasma membrane but less efficiently compared to wild-type. The voltage operating point and voltage sensitivity of the motor function of R130S-prestin were similar to wild-type prestin. However, the motor activity of R130S-prestin is greatly reduced at higher voltage stimulus frequencies, indicating a reduction in motor kinetics. Our study thus provides experimental evidence that supports a causal relationship between the R130S mutation in the prestin gene and hearing loss found in patients with this missense mutation.
Introduction
SLC26 constitutes a large and functionally diverse protein family. SLC26 proteins work as anion exchangers, but some members can also work as anion channels (SLC26A7, SLC26A9, SLC26A11) or even as a voltage-operated motor (SLC26A5) [1] . Mutations in SLC26 proteins are associated with various human diseases such as nephrocalcinosis ( S L C 2 6 A 1 ) , di a s t r o p h i c d y s p l a s i a ( S L C 2 6 A 2 ) , achondrogenesis (SLC26A2), atelosteogenesis (SLC26A2), multiple epiphyseal dysplasia (SLC26A2), congenital chloride diarrhea (SLC26A3), Pendred syndrome (SLC26A4), hearing loss/deafness (SLC26A4 and SLC26A5), asthenozoospermia (SLC26A8), and bronchiectasis (SLC26A9) [1] .
Prestin (SLC26A5) is the membrane protein that confers voltage-dependent mechanical activity, often referred to as somatic electromotility, on auditory outer hair cells (OHCs) [2] . OHC electromotility is presumed to minimize the effect of viscous damping by the cochlear fluids in a cycle-by-cycle manner at audible frequencies, thereby supporting the high sensitivity and frequency selectivity of mammalian ears. The essential requirements of prestin and its voltage-operated motor activity for normal cochlear operation have been demonstrated using several prestin mouse models [3] [4] [5] [6] [7] . However, pathogenicity of prestin mutation in human patients has been ambiguous. A previous study found that the IVS2-2A>G variation in the SLC26A5 gene is associated with hearing loss [8] . This single A-to-G nucleotide conversion is presumed to compromise the production of prestin protein by disrupting the proper splicing of the third exon of SLC26A5, which contains the start codon (OMIM 613865). However, later studies question the pathogenicity of this variation [9, 10] .
Recently, two young Japanese siblings (6 and 9 years old) with moderate to severe hearing loss were found to have compound heterozygous SLC26A5 c.209G>A (p.W70X) and c.390A>C (p.R130S) mutations [11] . Their parents were found to have heterozygous SLC26A5 mutations with either p.W70X or p.R130S, but without hearing impairment [11] . Examining the functional consequences of these mutations is essential for demonstrating the pathogenicity of these mutations and for defining the disease mechanism. It is likely that the premature translation termination caused by the W70X nonsense mutation induces nonsense-mediated mRNA decay [12] . The N-terminal cytosolic domain of prestin is comprised of the first ∼80 amino acids, and does not contain any transmembrane domain [13] . Therefore, prestin with W70X would not target the cell membrane even if it were translated. Thus, it is conceivable that the functional consequence of the W70X mutation is a functional null [3] [4] [5] [6] . In this study, we focus on the R130S mutation, and demonstrate that this missense mutation significantly affects membrane targeting, voltagedependent motility, and anion transport function of prestin.
Materials and methods

Generation of a structural model of prestin
The structural model of the transmembrane region of prestin shown in Fig. 1 was generated by Phyre2 [14] based on the SLC26Dg structure (5DA0) [15] using the partial amino acid sequence (P72 -R502) of human prestin (P58743).
Generation of an R130S-prestin construct and transfection of HEK293T cells
The R130S missense mutation was introduced to gerbil prestin cloned into a pECFP-N2 vector, which allows Cterminal tagging of an enhanced cyan fluorescent protein (ECFP), using a pair of mutagenic DNA primers (5′-GGACCTCCAGTCACATATCTATAGGTCCTTTC-3′ and 5′-GATATGTGACTGGAGGTCCCAAAGAAACAG-3′). Transfection of HEK293T cells was performed as described previously [16] . Transfected cells were used for experiments (imaging and electrophysiology) between 48 and 72 h posttransfection.
Bioinformatics
Five hundred nonredundant protein sequences were obtained by PSI-BLAST search using the human prestin amino acid sequence (P58743) as a query. The BLAST search was repeated until no new sequence was obtained (total ten iterations). The obtained sequences were aligned using Clustal Omega (http://www.clustal.org/omega/) in order to generate sequence logos using WebLogo [17] (Fig. 2b) . Fig. 1 A prestin model. A structural model for the transmembrane region of prestin generated by Phyre2 is shown. The N-and C-terminal cytosolic domains are not shown in this model. The SulP and Saier motifs [13, 48] are highlighted in red and orange, respectively. Red arrows indicate the location of R130. A previously proposed anion translocation pathway [13] is also shown in green. BN^and BC^indicate the truncated N-and C-termini of the model (Color figure online)
Cell imaging
HEK293T cells were grown on a cover glass in 24-well plates and were transfected with wild-type (wt)-or R130S-prestin-ECFP plasmids using Effectene Transfection Reagent (QIAGEN) according to the manufacturer's instruction. At 48-72 h post-transfection, the cells were fixed with 4 % formaldehyde for 5 min at room temperature, stained with 5 μM DiI, a lipophilic dye retained in the plasma membrane (Molecular Probes, D282), and 1 μg/ml Hoechst 33342, a nucleic acid dye to facilitate cell identification (Molecular Probes, H3570), for 10 min at room temperature before mounting onto slides using Dako fluorescent mounting medium (DAKO). Images were captured using the Nikon A1R confocal microscope with Plan Apo 60X oil objective (Nikon) and analyzed using NIS-Elements software (Nikon) to generate intensity profile plots on Prism (GraphPad).
Biotinylation of membrane-targeted prestin and its quantification
HEK293T cells (1.6-2.0 × 10 6 ) were grown in a 10-cm culture dish and were transfected with wt-or R130S-prestin-ECFP plasmids using Effectene Transfection Reagent (QIAGEN) according to the manufacturer's instructions. ECFPexpressing plasmids were used as negative controls. At 48-72 h post-transfection, the cell surface proteins were biotinylated using a Cell Surface Protein Isolation Kit (Thermo Scientific). Biotinylated prestins were isolated according to the manufacturer's manual except that lysis, wash, and elution buffers contained (mM) 154 NaCl, 1 EGTA, 20 n-Dodecyl-β-D-maltoside, and 10 Tris-Cl (pH 7.4). ECFP fluorescence was measured using Synergy 2 Multi-Mode Microplate Reader (BioTek).
Cell membrane electric capacitance measurement
The electric current response to a sinusoidal voltage stimulus (2.5 Hz, 120-mV amplitude), superimposed with two higherfrequency stimuli (390.6 (f 1 ) and 781.2 (f 2 ) Hz, 10-mV amplitude), was recorded in the whole-cell configuration at room temperature using the Axopatch 200A amplifier (Molecular Devices, Sunnyvale, CA). Cell membrane electric capacitance was determined by a fast Fourier transform-based admittance analysis [18] using jClamp (SciSoft Company, New Haven, CT). Recording pipettes were pulled from borosilicate glass to achieve initial bath resistances averaging 3-4 MΩ. An intracellular solution contained (mM) 140 CsCl, 2 MgCl 2 , 10 EGTA, and 10 HEPES (pH 7.4). An extracellular (bath) solution contained (mM) 120 NaCl, 20 TEA-Cl, 2 CoCl 2 , 2 MgCl 2 , and 10 HEPES (pH 7.4). Osmolarity was adjusted to 320 mmol/kg with glucose. Intracellular pressure was kept at 0 mmHg. For stimulus-frequency-dependent capacitance measurements, f 1 was set at 195.3 (f 2 = 390.6), 390.6 (f 2 = 781.3), 781.3 (f 2 = 1562.5), 1562.5 (f 2 = 3125.0), and 3125.0 (f 2 = 6250.0) Hz [19] .
Nonlinear capacitance data analysis
Voltage-dependent cell membrane electric capacitance data were analyzed using the following two-state Boltzmann equation:
where α is the slope factor of the voltage dependence of charge transfer, Q max is the maximum charge transfer, V m is the membrane potential, V pk is the voltage at which the maximum charge movement is attained, and C lin is the linear capacitance [16, [19] [20] [21] .
Anion transport assay
Anion transport activity of prestin was determined electrophysiologically in the whole-cell configuration at room temperature using the Axopatch 200A amplifier (Molecular Devices, Sunnyvale, CA 
Statistical analysis
Curve fits and statistical analyses were performed using Prism (GraphPad software) except for the F-test (see below). The Student's t test was used for comparisons between two groups. A one-sample t test was performed for data that were corrected for matched normalized control (wild-type) data in Fig. 3c . One-way analysis of variance combined with the Tukey test was used for multiple comparisons. The F-test was performed using the FDIST function in Excel (Microsoft) with parameters obtained from linear regressions. p < 0.05 was considered statistically significant.
Results
The R130 site
The structure of prestin has not been solved except for a portion of the C-terminal cytosolic domain [22] . However, Gorbunov and colleagues proposed structural models for prestin [13] based on bioinformatic and biochemical analyses. The veracity of these prestin models is strongly supported by the structure recently determined for bacterial SLC26 protein, SLC26Dg [15] . Figure 1 shows a structural model of prestin generated by Phyre2 [14] based on the structure of SLC26Dg. The R130 site is located at the C-terminal end of the SulP motif (Prosite PS01130) (Fig. 1) , a region highly conserved among members of the SLC26/SulP transporter family (Fig. 2) . Many disease-associated missense mutations have also been found in this region of SLC26 proteins (highlighted in gray in Fig. 2a ) [11, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , implying general importance of this region for the basic architecture and/or function shared among the SLC26/SulP proteins.
Effect of the R130S mutation on membrane targeting of prestin protein
In order to assess how the function of prestin could be affected by the R130S mutation, a recombinant R130S-prestin (fulllength) with an ECFP tag at the C-terminus (R130S-prestin-ECFP) was generated and heterologously expressed in HEK293T cells. The ECFP fluorescence not only facilitated identification of cells expressing R130S-prestin during wholecell recording experiments (see below) but also allowed assessment of the subcellular localization of expressed protein. Figure 3 shows examples of HEK293T cells expressing either wild-type (wt)-prestin-ECFP (two examples in Fig. 3a) or R130S-prestin-ECFP (two examples in Fig. 3b ). The cells were stained with DiI in order to label the plasma membrane. For wt, the peaks for the DiI (dashed lines) and the ECFP fluorescence (solid lines) align as indicated by the downward pointing arrows in Fig. 3a . In contrast, the localization of the ECFP signal at the plasma membrane was usually ambiguous in cells expressing R130S-prestin-ECFP compared to those expressing wt-prestin-ECFP although the ECFP signal was evident in the cytosolic compartments of most cells.
In a separate experiment, we biotinylated cell surface proteins and quantified the amount of affinity isolated prestin proteins at the cell surface by measuring ECFP fluorescence (see the BMaterials and methods^section). ECFP fluorescence intensity determined for wt-prestin-ECFP was normalized to unity and relative fluorescence intensities determined for R130-prestin-ECFP and ECFP alone (the negative control for cell surface protein biotinylation) for each experiment. As expected, very low ECFP fluorescence was detected for ECFP control (Fig. 3c) , affirming that biotinylation is minimal for proteins not targeted to the cell membrane. In all experimental repeats (n = 4), ECFP fluorescence was smaller for R130S-prestin-ECFP compared to wt-prestin-ECFP (66 % on average, Fig. 3c) . A one-sample t test found that this difference was statistically significant (p = 0.0069). Consistent with the bright ECFP signals found in the cytosols of both wt-and R130S-prestin-expressing cells (Fig. 3a, b) , strong ECFP fluorescence was detected in the flow-through (nonbiotinylated fraction) for both wt-and R130S-prestin without statistically significant difference (p = 0.51).
Collectively, these observations suggest that the R130S mutation impairs membrane targeting, consistent with previous studies suggesting the importance of the R130 region within the prestin molecule for targeting [13, 35] .
Effect of the R130S mutation on the motor function of prestin
In order to assess the effect of the R130S mutation on prestin's motor function, we recorded whole-cell nonlinear capacitance (NLC) in HEK293T cells expressing R130S-prestin-ECFP and compared the results to those recorded using wt-prestin-ECFP-expressing cells (Fig. 4) . NLC data are commonly used for evaluating the motor activities of prestin and its mutants since NLC provides an electrical signature of the voltageoperated motor function of prestin [36, 37] . Targeting of prestin protein to the cell membrane is a prerequisite for a successful NLC recording, and the magnitude of NLC correlates with the amount of prestin expressed in the cell membrane. Therefore, NLC measurements also provide unequivocal quantitative evidence regarding membrane targeting.
Heterologous expression of R130S-prestin-ECFP conferred NLC on HEK293T cells (Fig. 4a) . The voltage sensitivity (α, Fig. 4b ) and the peak voltage operating point (V pk , Fig. 4c ) of R130S-prestin were comparable to those of wtprestin, indicating that R130S-prestin is functional as a 
The amounts of biotinylated prestin were determined by measuring ECFP fluorescence intensities (see the main text for details). ECFP intensities of control (ECFP alone, left column) and R130S-prestin-ECFP (right column) were 3 ± 2 % (n = 2) and 66 ± 10 % (n = 4), respectively, compared to wt-prestin-CFP (normalized to 100 % for each experimental repeat, n = 4), and these differences were statistically significant (p values were 0.0056 and 0.0069, respectively). The error bars indicate standard deviations voltage-operated motor. The magnitudes of the NLC obtained from R130S-prestin-expressing cells, however, were much smaller compared to those obtained from wt-prestinexpressing cells (Fig. 4a) . Since larger cells tend to harbor greater amounts of prestin protein in the cell membrane, we divided Q max , which is represented by the area under an NLC curve and correlates with the total amount of prestin, by C lin , which is voltage-independent and correlates with the surface area of a cell. The resulting quotient (Q max /C lin ), referred to as charge density, was used for comparing the amount of functional prestin expressed on the surface of cells for R130S-vs. wt-prestin. As shown in Fig. 4d , the charge densities of R130S-prestin-expressing cells were significantly smaller than those of wt-prestin-expressing cells, suggesting that the R130S mutation impairs membrane targeting of prestin. We also noticed that many R130S-prestin-expressing cells (∼50 %) did not show detectable NLC although they were clearly ECFP-positive. These observations are consistent with the visual assessment of membrane targeting made by ECFP fluorescence imaging (Fig. 3) , i.e., the predominately cytoplasmic expression of mutated R130S prestin protein. However, the smaller charge density of R130S-prestinexpressing cells (∼6 fC/pF) compared to wt-prestinexpressing cells (∼18 fC/pF) cannot be explained solely by the reduced amount of membrane-targeted R130S-prestin (∼66 %, Fig. 3c ). This observation suggests that the R130S mutation also impairs the motor function of prestin (see below).
OHC electromotility supported by the voltage-operated motor function of prestin is presumed to work against fluid friction in the cochlea at audible frequencies in humans (20-20,000 Hz). Thus, any mutation that impairs the fast motor kinetics of prestin should reduce OHC electromotility and could compromise hearing. In order to test if the R130S mutation has such an effect, we measured NLC in a stimulusfrequency-dependent manner [19, 38, 39] . Cell membrane electric capacitance (C m ) recording is based on the measurement of capacitive charge movement. Prestin-associated charge movement, a signature of its motor function, is also detected as C m (NLC) since it is as fast as capacitive charge movement. Therefore, if stimulus frequency exceeded the motor kinetics of prestin, an underestimation of prestinassociated charge movement, i.e., Q max , would manifest as a reduction of NLC. In the typical whole-cell recording configuration, the stimulus voltage frequencies used for measuring C m are determined by the series resistance (R s ) and the cell membrane resistance (R m ) because these resistances limit the overall circuit admittance at high-and low-frequency regions where measured admittance no longer correlates with the magnitude of C m . In other words, NLC measurement is compromised beyond these frequency limits. We performed stimulus-frequency-dependent NLC measurements with this limitation in mind. NLC data obtained from cells with similar whole-cell parameters (R s , R m , and C lin ) were used for comparing the motor kinetics between wt-prestin and R130S-prestin. We found that NLC recorded from cells expressing R130S-prestin demonstrated a greater voltage stimulus frequency dependence compared to wt-prestin-expressing cells (Fig. 5) . Although wt results are not statistically different, the NLC ratios plotted in Fig. 5c are reduced for R130S at f 1 = 1562.5 and 3125 Hz. This result indicates that the R130S mutation slows the motor kinetics of prestin.
The aforementioned discrepancy between the amount of membrane-targeted R130S-prestin (∼66 % of wt-prestin, Fig. 3c ) versus the magnitude of charge density of R130S-prestin (∼33 % of wt-prestin, Fig. 4d ) can be at least partially explained by the slowed motor kinetics of R130S-prestin.
Effect of the R130S mutation on the anion transport function of prestin
Besides functioning as a voltage-operated motor, prestin also works as an anion transporter. Although its activity is weak [40] , the overall prestin-derived anion transport activity could become significant since prestin is expressed in the OHC's lateral membrane at an extremely high level. Therefore, impairment of prestin's anion transport function could potentially compromise OHC function. In fact, prestin knockout (prestin-KO) mouse models show premature OHC loss [3, 5] , and the cause of the cell death was speculated to be due to the lack of prestin-associated anion transport function [3] .
In order to determine the effect of the R130S mutation on anion transport function, we performed an electrophysiological anion transport assay in the whole-cell configuration using thiocyanate (SCN − ), which is rapidly transported by SLC26 proteins and provides a large current signal. A previous study demonstrated that SCN − is indeed transported by prestin [41] .
This electrophysiological transport assay allows one to correct for observed anion transport activity by the amount of functional prestin in the cell membrane using NLC measurements from the same cells [41] . Figure 6a shows voltage-dependent whole-cell current responses of an R130S-prestin-expressing HEK293T cell before (black square), during (green circle), and after (grey triangle) . Whole-cell current at 0 mV holding potential was constantly measured throughout the experiment to monitor the perfusion and clearance of SCN − (Fig. 6a, inset) . The I-V curves shown in Fig. 6a were obtained at the time points indicated by arrows using the same color code as in the inset. The difference in the currents indicates SCN − transport. The magnitude of this SCN − -induced outward current at +120 mV was defined as Δcurrent and plotted against C lin , which correlates with cell size (Fig. 6b) . We also recorded from untransfected HEK293T cells since endogenous transporters could mediate significant SCN − transport.
This was, in fact, the case since a positive correlation between Δcurrent versus C lin was found with statistical significance for untransfected cells (r = 0.68, p = 0.015, black diamonds in Fig. 6b ). As expected, wt-prestin-expressing cells showed much greater current responses (blue circles in Fig. 6b ) with statistically significant positive correlation (r = 0.75, p < 0.0001). R130S-prestin-expressing cells also showed large current responses (red triangles in Fig. 6b ) with statistically significant positive correlation (r = 0.61, p = 0.0008). The Ftest confirmed that the Δcurren-C lin relationships found in cells expressing wt-prestin and R130S-prestin were different from that found in untransfected cells (p < 0.0001 and p = 0.0003 for wt-prestin and R130S-prestin, respectively). These results indicate that R130S-prestin retains anion transport function. The F-test did not, however, find a difference in the Δcurrent-C lin relationship between wt-and R130S-prestin-expressing cells (p = 0.80) despite the fact that R130S-prestin has membrane targeting issues (Fig. 3) , implying enhanced anion transport activity of R130S-prestin. In order to pursue this possibility, we replotted Δcurrent against Q max , which correlates with the amount of prestin in the cell membrane (Fig. 6c) . This exercise allowed us to find a greater positive correlation for both wt-prestin-(r = 0.87, p < 0.0001) and R130S-prestin-expressing cells (r = 0.72, p < 0.0001), reaffirming that the observed Δcurrents indeed associate with the anion transport activities of wt-and R130S-prestin. Difference in the anion transport activities between wt-and R130S-prestin became evident in this plot (p < 0.0001), suggesting that the R130S mutation does indeed augment prestin's anion transport activity. It should be noted that enhanced SCN − transport activity does not necessarily indicate an increase in prestin's antiport activity for physiological substrates such as Cl − and HCO 3 − . The result should be regarded as an indication of a potential adverse effect of the R130S mutation on the anion transport function of prestin, which may account for the disease phenotype.
As noted above, the slowed motor kinetics of R130S-prestin results in underestimation of the amount of functional prestin in the cell membrane. However, this would not affect the conclusion that the SCN − transport function of R130S-prestin is enhanced compared to that of wt-prestin because the magnitudes of Δcurrent and the Δcurrent-C lin relationships were similar between R130S-and wt-prestin (Fig. 6b) despite significant difference in their membrane targeting efficiencies (Fig. 3) .
Discussion
The premature translation termination caused by the W70X nonsense mutation likely induces nonsense-mediated mRNA decay [12] . Even if W70X-prestin were translated, it would not be targeted to the lateral membrane of OHCs since it does not contain any transmembrane domain. Therefore, it is probable that the W70X mutation manifests as a functional null, i.e., like a prestin knockout (prestin-KO) [3] [4] [5] [6] . It is possible that both R130S-and W70X-prestin (if it is translated) can physically interact with wt-prestin in heterozygous individuals since prestin is known to form homooligomers [42] [43] [44] [45] . It seems unlikely, however, that such potential physical interaction has any adverse effect on the function of wt-prestin since heterozygosity for these mutations does not induce hearing impairment [11] . Our previous study demonstrated functional independence of individual prestin molecules in an oligomeric complex [19] , which is consistent with the recessive nature of human diseases associated with genetic mutations in SLC26 family members [1] . It is also known that normal cochlear operation can be attained with only one functional prestin allele. Previous studies reported autoregulation of prestin production in prestin-KO heterozygotes [46] . Another study demonstrated extremely high tolerance of cochlear function to drastically reduced prestin expression [47] . Hence, the normal hearing found in an individual heterozygous for the W70X mutation [11] should come as no surprise in light of these observations. These pieces of evidence could also account for normal hearing in an individual heterozygous for the R130S mutation [11] , and also for why only a few variations in SLC26A5 have been reported in association with hearing loss (OMIM 613865).
Significant functional alterations found in R130S-prestinimpaired membrane targeting, slowed motor kinetics, and enhanced SCN − transport-appear to support a causal relationship of this mutation for the hearing loss found in young Japanese patients. Hearing impairment in one of the patients with compound heterozygous W70X/R130S mutations in prestin was reported to be quite severe [11] , indicative of devastating hair cell damage and/or loss. Since prestin-KO mice are known to suffer premature OHC loss [3, 5] , one possibility is that impaired membrane targeting of R130S-prestin and a possibly shortened dwell time in the membrane (even if this mutant is properly targeted to the cell membrane) result in prestin-KO-like consequences. A second possibility pertains to the impaired motor kinetics of R130S-prestin (Fig. 5) . Premature OHC loss was unexpectedly observed in a mouse model expressing prestin V499G/Y501H [7] . This prestin mutant is targeted to the OHC lateral membrane but has significantly depolarized V pk and slowed motor kinetics [7, 19] . In other words, prestin V499G/Y501H is virtually a nonfunctional motor under physiological conditions. Although it remains elusive how these impaired motor characteristics of prestin V499G/Y501H link to premature OHC death, this observation serves as a precedent for the possibility that a change in motor kinetics is associated with hearing loss. In fact, the audiogram of one of the Japanese patients expressing mutated R130S prestin showed a much greater hearing impairment at high versus low stimulus frequencies such that the threshold at 250 Hz was 41 dB, while that at 4 kHz was 96 dB. Whether this frequency dependence reflects the reduced ability of R130S prestin to respond to voltage in a cycle-by-cycle manner remains to be determined. Modified anion transport activity of R130S-prestin could also have an adverse effect on OHC maintenance.
Significantly altered functional properties of R130S-prestin compared to its wild-type counterpart described in this study strongly suggest this missense mutation to be indeed pathogenic, and thus warrant future effort to generate R130S-prestin animal model to further investigate the mutation in its native environment, i.e., OHCs. Such an effort will provide opportunities to unequivocally confirm the pathogenicity of the prestin R130S mutation, and to distinguish the aforementioned possibilities in order to define the disease mechanism.
